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Introduction
============

Although computed tomography (CT) scans have great medical benefits, their increasing use since the 1980s has raised concerns about possible cancer risks, particularly after exposures in childhood.[@ref1] [@ref2] [@ref3] [@ref4] [@ref5] [@ref6] [@ref7] [@ref8] [@ref9] [@ref10] [@ref11] [@ref12] Doses of ionising radiation from CT scans are typically in the range of 5-50 mGy to each organ imaged,[@ref1] [@ref8] [@ref9] [@ref13] [@ref14] and until recently, it was thought impractical to estimate directly the risk of cancer after such low doses, because of the large number of exposures and outcomes needed in cohort studies, and the potential for bias in some case-control designs.[@ref15] [@ref16] Accordingly, risks have usually been estimated indirectly, by projecting the risks seen after exposures at higher doses, such as in the Life Span Study of survivors of the Japanese atomic bombings.[@ref17] [@ref18] [@ref19] [@ref20]

Studies of occupational exposure to radiation have provided some direct estimates of the risk at lower doses for adults.[@ref21] A recent follow-up study of 180 000 young people who had CT scans in the United Kingdom during 1985-2002 reported increasing risks of leukaemia and brain cancer with increasing doses of radiation from a previous CT scan, and gave provisional risk estimates for these two cancers.[@ref12] Some radiation experts have, however, questioned the validity of these estimates,[@ref22] while others have questioned the validity of the earlier indirect estimates based on the projected risks.[@ref23] Thus, there is currently much uncertainty as to whether any material cancer risk exists from CT scan exposures.

Australia has a large number of CT scanners per capita,[@ref8] [@ref9] and public funding of CT services under the comprehensive Medicare scheme has allowed us to study a CT exposed cohort drawn from the general population.[@ref9] In this paper, we derived direct estimates of the increased cancer risk in the first decade or so after CT scan exposure by comparing cancer incidence in over 680 000 people exposed to CT scans at ages 0-19 years with cancer incidence in a comparison cohort of over 10 million unexposed persons of similar age.

Methods
=======

The Australian Medicare system has records of health services for all Australians, which are federally funded on a fee-for-service basis. Electronic Medicare records were accessed to identify all Australians aged 0-19 years on 1 January 1985, or born during the period 1 January 1985 to 31 December 2005. The cohort was followed to 31 December 2007 by electronic linkage to the Australian Cancer Database and the National Death Index maintained by the Australian Institute of Health and Welfare. Cancer diagnoses were based on ICD-10 (international classification of diseases, 10th revision) codes C00-C96, plus D45, 46, 47.1, and 47.3 for myelodysplasia and related bone marrow disorders. Socioeconomic status was derived from the SEIFA (socioeconomic indexes for areas) index based on residential post codes and validated by the Australian government.[@ref24] The SEIFA index was used to categorise each person into one of seven approximately equal sized groups, numbered by increasing socioeconomic index. If the index for an individual changed over time, we used the mean value.

We used records of all CT scan exposures in the Medicare database for people aged 0-19 years during the period 1 January 1985 to 31 December 2005. CT scans in state based tertiary hospitals were usually missed, because most of such services are not funded on a fee-for-service basis, and are thus absent from Medicare records. Our study would also have missed CT exposures of cohort members that took place outside Australia, exposures before 1 January 1985 or after 31 December 2005, and exposures in the cohort after the age of 19 years. Records were de-identified before being made available for epidemiological analysis.

Each individual was entered into the study on the latest of the following dates: 1 January 1985, date of birth, or date first known to Medicare. Cohort members remained in the study until their exit date, which was the earliest of the following dates: 31 December 2007, date of death, or date of first cancer diagnosis. A CT scan was defined as an exposure if it occurred on or after the person's entry date, on or before 31 December 2005, when the person was aged 0-19 years, on or before the person's exit date, and at least one year before any diagnosis of cancer.

The exclusion period before a cancer diagnosis, referred to as the lag period, was introduced because of the possibility that the scan was part of the cancer diagnostic procedure. Most analyses were based on lag periods of one year, but we repeated the main analyses with lag periods of five and 10 years to explore the possibility of reverse causation. To calculate person years at risk, we assigned each person to the unexposed group from the date of entry until the transfer date (date of the first CT scan plus any lag period), and to the exposed group from the transfer date until the exit date (fig 1[](#fig1){ref-type="fig"}).

![**Fig 1** Schematic diagram showing how study members contributed to unexposed and exposed groups. All study members were classified as unexposed on entry to the study. Those who were exposed to a CT scan remained in the unexposed group for the duration of the lag period (one year in most analyses, but five or 10 years in some). They were then transferred to the exposed group, provided that their date of transfer was before their date of exit from the study. Study members who had no CT scan remained in the unexposed group for the duration of the study](matj009041.f1_default){#fig1}

The primary analysis was of incidence rate ratios (IRRs) for exposed versus unexposed individuals by Poisson regression, using the number of person years as an offset, and with stratification by age (single years), sex, and year of birth (two year bands). We used likelihood ratio tests to assess the significance of departures of the IRR from unity. Tests for trend compared Poisson regression models with and without the covariate of interest (for example, the number of scans or the age at first exposure). Floating 95% confidence intervals for the IRR categorised according to the number of CT scans were calculated using the amount of information in each category.[@ref25] We estimated the excess number of cancers among the exposed cohort as (1−(1÷IRR)) multiplied by the observed number of cancers in exposed individuals, and we divided this quantity by the total number of person years among exposed individuals to estimate the absolute excess incidence rate (EIR) among the exposed group compared with the unexposed group. Trends in the EIR were tested by least squares regression with inverse variance weighting. Significance tests were two tailed. Procedures were programmed in Stata statistical software, release 12 (StataCorp).

The number of CT scans provided the simplest measure of a person's radiation exposure. Because it was impossible to obtain individual machine parameters for all CT procedures, we estimated average effective doses[@ref26] per scan (in mSv) by site and year of scan, and by age. Effective doses were obtained from the published literature[@ref27] [@ref28] [@ref29] [@ref30] [@ref31] [@ref32] [@ref33] for specific ages (newborn; 1, 5, 10, 15 years; adult) and then mapped to the corresponding age band in the Medicare dataset. In Australian radiological practice, as in the UK,[@ref12] it was common to adjust machine parameters for the size or age (or both) of the patient to reduce the radiation dose, from 2001 onwards. We derived average effective doses in each age band for each CT category for the periods 1985-2000 and 2001-05. Owing to the lack of data available for paediatric effective doses for the earlier time period, we applied a scaling factor to adult effective doses to infer paediatric effective doses[@ref34] before 2001, taking into account the differences in scan length[@ref31] between adults and children and the variation in x ray absorption with different body sizes.[@ref30] Collective effective doses were estimated for the exposed population by cumulating the average doses by type of CT scan, year of scan, and age of the individual across all scans, after excluding those exposures that fell within the relevant lag period (one, five, or 10 years). We derived average organ doses for brain and red bone marrow (mGy) from local[@ref33] and international sources.[@ref13]

Results
=======

Study population and overall risks
----------------------------------

The cohort included 10 939 680 people. Based on a one year lag period, 680 211 (6.2%) were transferred into the CT exposed group before their exit from the study (table 1[](#tbl1){ref-type="table"}), and 18% of the exposed group had more than one scan (table 2[](#tbl2){ref-type="table"}). Mean length of follow-up was 9.5 years for the exposed group and 17.3 years for the unexposed group. By 31 December 2007, 3150 individuals in the exposed group and 57 524 individuals in the unexposed group had been diagnosed with a cancer, giving a total of 60 674 people with a cancer. For all types of cancer combined, incidence was 24% greater in the exposed group than in the unexposed group (IRR 1.24 (95% confidence interval 1.20 to 1.29) after stratification for age, sex, and year of birth, P\<0.001), and the IRR increased by 0.16 (0.13 to 0.19) with each additional CT scan (P\<0.001 for trend; fig 2[](#fig2){ref-type="fig"}). When the calculations were repeated based on lag periods of five and 10 years, cancer incidence remained higher in the exposed group than in the unexposed group, although the proportional increases were smaller compared with those based on the one year lag period (five year lag period: IRR 1.21 (1.16 to 1.26), P\<0.001; 10 year lag period: 1.18 (1.11 to 1.24), P\<0.001; table 3[](#tbl3){ref-type="table"}). For lag periods of five and 10 years, the IRR increased by 0.13 (0.10 to 0.16) and 0.10 (0.06 to 0.15), respectively, for each additional scan (web fig A).

###### 

 Characteristics of study population by final exposure status, based on a one year lag period

  Characteristic                    No (%) of people exposed\*   Total no of people in study
  --------------------------------- ---------------------------- -----------------------------
  Sex                                                            
   Male                             357 119 (6.4)                5 563 105
   Female                           323 092 (6.0)                5 376 575
  Age at entry to study (years)                                  
   0-4                              450 346 (6.8)                6 652 654
   5-9                              120 957 (9.0)                1 339 527
   10-14                            80 731 (5.4)                 1 489 524
   15-19                            28 177 (1.9)                 1 457 975
  Calendar year of entry to study                                
   1985-89                          526 488 (8.6)                6 156 422
   1990-94                          99 466 (6.5)                 1 539 278
   1995-99                          40 931 (2.8)                 1 467 602
   2000-05                          13 326 (0.8)                 1 776 378
  Socioeconomic group                                            
   1 (lowest status)                82 332 (5.3)                 1 557 545
   2                                97 236 (6.2)                 1 556 448
   3                                95 547 (6.1)                 1 557 331
   4                                101 154 (6.5)                1 556 311
   5                                103 454 (6.6)                1 558 887
   6                                102 449 (6.6)                1 557 562
   7 (highest status)               97 392 (6.3)                 1 554 273
   Unknown status                   647 (1.6)                    41 323
  **Total no of people in study**   **680 211 (6.2)†**           **10 939 680**

\*Exposure status at end of study. All study members were classified as unexposed on entry to the study. Those exposed to a CT scan continued to be classified as unexposed for the duration of the lag period (taken to be one year here and in most analyses, but five or 10 years in some analyses). They were then transferred to the exposed group, provided that the date of transfer was before the date of exit from the study (fig 1).

†The total no of CT scans received by these individuals at least one year before date of exit was 866 580.

###### 

 Characteristics of cohort members whose final status was exposed, based on a one year lag period

  Characteristic                       No (%) of people exposed
  ------------------------------------ --------------------------
   Male                                357 119 (52.5)
   Female                              323 092 (47.5)
  Age at first CT scan (years)         
   0-4                                 42 798 (6.3)
   5-9                                 104 618 (15.4)
   10-14                               202 420 (29.8)
   15-19                               330 375 (48.5)
  Calendar year of first CT scan       
   1985-89                             95 249 (14.0)
   1990-94                             133 528 (19.6)
   1995-99                             184 463 (27.1)
   2000-05                             266 971 (39.3)
  Final no of CT scans                 
   1                                   557 877 (82.0)
   2                                   86 109 (12.7)
   3                                   23 740 (3.5)
   4                                   6763 (1.0)
   ≥5                                  5722 (0.8)
  Site of first CT scan                
   Brain\*                             404 105 (59.4)
   Facial bones                        89 133 (13.1)
   Chest                               11 381 (1.7)
   Extremities                         64 940 (9.5)
   Abdomen or pelvis†                  33 870 (5.0)
   Spine or neck                       58 677 (8.6)
   Other or unknown                    18 105 (2.7)
  **Total no (%) of people exposed**   **680 211 (100.0)**

\*Includes brain in combination with other sites such as the chest.

†Includes combined scans of the chest, abdomen, and pelvis.

![**Fig 2** Incidence rate ratios (IRR) for all types of cancers in exposed versus unexposed individuals based on a one year lag period, by the number of CT scans. The IRR increased by 0.16 (95% confidence interval 0.13 to 0.19) for each additional CT scan, calculated after stratification for age, sex, and year of birth (χ^2^=131.4 and P\<0.001 for trend). If unexposed people were excluded, the trend remained significant (χ^2^=5.79 and P=0.02 for trend). The average number of scans among individuals exposed to three or more scans was 3.5. (Web figure A shows corresponding results based on lag periods of five and 10 years)](matj009041.f2_default){#fig2}

###### 

 Number of cancers of all types and incidence rate ratios (IRR), exposed *v* unexposed, for various lag periods

                                                Lag period                                  
  --------------------------------------------- --------------------- --------------------- ---------------------
  Exposed group                                                                             
   Observed no of cancers                       3150                  2365                  1405
   No of person years                           6 486 548             3 971 641             1 808 883
   Mean years of follow-up                      9.5                   7.3                   5.5
  Unexposed group                                                                           
   Observed no of cancers                       57 524                58 309                59 269
   No of person years                           177 191 342           179 706 249           181 869 007
   Mean years of follow-up                      17.3                  17.3                  17.1
  Expected no of cancers in exposed group\*     2542                  1963                  1196
  No of excess cancers in exposed group\*       608                   402                   209
  IRR (95% CI; exposed *v* unexposed)           1.24 (1.20 to 1.29)   1.21 (1.16 to 1.26)   1.18 (1.11 to 1.24)
  χ^2^ (1 df) for departure of IRR from unity   129.1                 74.4                  33.8
  P for departure of IRR from unity             P\<0.001              P\<0.001              P\<0.001

**\***Calculated from rates in unexposed group after stratification for age, sex, and year of birth.

Risks for specific cancers
--------------------------

The IRR for the exposed group versus the unexposed group was increased not only for all cancers combined but also for all solid cancers and for all lymphoid and haematopoietic cancers when these were considered separately (table 4[](#tbl4){ref-type="table"}). Among specific malignancies, brain cancer had the largest IRR, although incidence was also increased significantly for cancers of the digestive organs, melanoma, soft tissue, female genital organs, urinary tract, thyroid, ill defined and unspecified sites, Hodgkin's lymphoma, other lymphoid cancers, leukaemias and myelodysplasias, all leukaemias, myeloid and other leukaemias, and myelodysplasias (table 4). We saw no separate increase in IRR for breast cancer or lymphoid leukaemia. The estimated total number of excess cancers for the exposed group was 608, with melanoma, soft tissue cancers, brain cancer, thyroid cancer, and all lymphoid and haematopoietic cancer each contributing more than 50 cases (table 4). EIRs were 9.38 per 100 000 person years for all cancers combined, and more than 1 per 100 000 person years each for melanoma, brain cancer, thyroid cancer, and all lymphoid and haematopoietic cancers. Results by cancer type were consistent when we repeated the analysis using lag periods of five and 10 years (web tables A and B, respectively).

###### 

 Outcomes for the exposed group by type of cancer, based on a one year lag period

  Cancer type (ICD-10 code)\*                                                  Observed no of cancers   IRR (95% CI; exposed *v* unexposed)†   No of excess cancers†   EIR (95% CI) per 100 000 person years†
  ---------------------------------------------------------------------------- ------------------------ -------------------------------------- ----------------------- ----------------------------------------
  **All solid cancers (C00-80)**                                               **2507**                 **1.25 (1.20 to 1.31)**                **503.2**               **7.76 (6.24 to 9.27)**
  Mouth and pharynx (C00-14)                                                   87                       1.08 (0.87 to 1.35)                    6.3                     0.10 (−0.18 to 0.38)
  Digestive organs (C15-26)                                                    149                      1.29 (1.09 to 1.52)                    32.8                    0.51 (0.14 to 0.87)
  Respiratory organs (C30-39)                                                  48                       1.31 (0.97 to 1.76)                    11.5                    0.18 (−0.03 to 0.39)
  Bone (C40-41)                                                                72                       1.15 (0.91 to 1.47)                    9.7                     0.15 (−0.11 to 0.41)
  Melanoma (C43-44)                                                            809                      1.12 (1.04 to 1.20)                    86.8                    1.34 (0.48 to 2.20)
  Soft tissue (C45-49)                                                         119                      1.78 (1.47 to 2.16)                    51.7                    0.80 (0.47 to 1.13)
  Breast (C50)                                                                 145                      0.99 (0.83 to 1.17)                    −1.8                    −0.03 (−0.39 to 0.34)
  Female genital organs (C51-58)                                               181                      1.28 (1.10 to 1.49)                    40.1                    0.62 (0.21 to 1.02)
  Male genital organs (C60-63)                                                 275                      1.08 (0.95 to 1.22)                    19.9                    0.31 (−0.19 to 0.81)
  Urinary tract (C64-C68)                                                      51                       1.33 (1.00 to 1.78)                    13.3                    0.21 (−0.01 to 0.42)
  Brain (C69-72)                                                               283                      2.13 (1.88 to 2.41)                    147.3                   2.27 (1.76 to 2.78)
   Brain after brain CT scan                                                   210                      2.44 (2.12 to 2.81)                    122.7                   2.97 (2.28 to 3.66)
   Brain after other CT scan                                                   73                       1.51 (1.19 to 1.91)                    24.6                    1.05 (0.33 to 1.76)
  Thyroid (C73-75)                                                             258                      1.40 (1.23 to 1.59)                    71.4                    1.10 (0.62 to 1.59)
  Ill defined and unspecified sites (C76-80)                                   30                       1.85 (1.27 to 2.71)                    14.0                    0.22 (0.05 to 0.38)
  **All lymphoid and haematopoietic cancers (C81-96, D45-46, D47.1, D47.3)**   **643**                  **1.19 (1.10 to 1.29)**                **105.3**               **1.62 (0.86 to 2.39)**
  Hodgkin's lymphoma (C81)                                                     228                      1.15 (1.01 to 1.32)                    30.4                    0.47 (0.01 to 0.92)
  Other lymphomas (C82-83)                                                     104                      1.01 (0.82 to 1.23)                    0.2                     0.00 (−0.30 to 0.31)
  Other lymphoid cancers (C84-90)                                              65                       1.70 (1.31 to 2.20)                    26.8                    0.41 (0.17 to 0.66)
  Leukaemias and myelodysplasias (C91-96, D45-46, D47.1, D47.3)                246                      1.23 (1.08 to 1.41)                    47.8                    0.74 (0.26 to 1.21)
  Leukaemias (C91-96)                                                          211                      1.19 (1.03 to 1.37)                    34.3                    0.53 (0.09 to 0.97)
   Lymphoid leukaemia (C91)                                                    84                       0.96 (0.77 to 1.20)                    −2.1                    −0.03 (−0.31 to 0.24)
   Myeloid and other leukaemias (C92-96)                                       127                      1.41 (1.18 to 1.70)                    36.4                    0.56 (0.22 to 0.90)
  Myelodysplasia (D45-D46, D47.1, D47.3)                                       35                       1.60 (1.13 to 2.27)                    13.5                    0.21 (0.03 to 0.39)
  **All cancers**                                                              **3150**                 **1.24 (1.20 to 1.29)**                **608.4**               **9.38 (7.68 to 11.08)**
  **All solid cancers, except brain cancer after brain CT**                    **2297**                 **1.20 (1.15 to 1.25)**                **380.4**               **5.86 (4.35 to 7.38)**
  **All cancers, except brain cancer after brain CT**                          **2940**                 **1.20 (1.15 to 1.24)**                **485.7**               **7.49 (5.79 to 9.18)**

Web tables A and B show results based on lag periods of five and 10 years, respectively. IRR=incidence rate ratio, exposed *v* unexposed; EIR=absolute excess incidence rate compared with rates in unexposed group.

**\***ICD codes most accurately reflect the cancer types in tables 4-9. The names used referred to the commonest cancer types in each rubric (for example, rubric C69-72 referred to eye cancer and other cancers of the central nervous system as well as brain cancer); rubric C73-75 referred to thyroid cancer and other endocrine cancers). C97 was not included in this table, because it was not used for cancer incidence registrations.

**†**IRR, EIR, and number of excess cancers calculated after stratification for age, sex, and year of birth.

Effects of time since exposure, year of exposure, age at exposure, sex, socioeconomic status, and other potential confounding factors
-------------------------------------------------------------------------------------------------------------------------------------

For brain cancer, both the proportional increase in the incidence rate and the absolute excess incidence rate in the exposed group were greatest 1-4 years after first CT exposure, after which they declined (P\<0.001 for IRR trend, P=0.03 for EIR trend). Nevertheless, brain cancer incidence was still increased significantly at 15 or more years following first exposure (table 5[](#tbl5){ref-type="table"}). For other solid cancers, there was no significant trend in the proportional increase in incidence rate with time since first exposure (P=0.88 for IRR trend), although the absolute excess incidence rate increased with time since first exposure (P=0.01 for EIR trend). For leukaemias and myelodysplasias and for other lymphoid and haematopoietic cancers, there were no significant trends with time since first exposure in either the proportional increase (IRR) or the absolute increase (EIR) in incidence rate. For all cancers combined, the proportional increase in the incidence rate declined with years since the first CT scan (P=0.009 for IRR trend), but the incidence rate for all cancers combined in the exposed group was still increased at 15 or more years after first exposure (IRR 1.24, 95% confidence interval 1.14 to 1.34). We saw no significant trend in EIR for all cancers combined (P=0.43 for trend).

###### 

  Outcomes for the exposed group by type of cancer and years since first CT exposure, based on a one year lag period

  Type of cancer                                                                       No of years since first exposure   P for trend                                                                                 
  ------------------------------------------------------------------------------------ ---------------------------------- ----------------------------- ----------------------------- ------------------------------- ---------
  **Observed no of cancers in exposed group, IRR (95% CI)\***                                                                                                                                                         
  Brain cancer                                                                         121, 2.82 (2.34 to 3.39)           83, 2.03 (1.62 to 2.54)       46, 1.50 (1.11 to 2.01)       33, 1.67 (1.18 to 2.36)         \<0.001
   After brain CT                                                                      87, 3.24 (2.61 to 4.02)            62, 2.42 (1.88 to 3.12)       36, 1.80 (1.29 to 2.51)       25, 1.74 (1.17 to 2.59)         \<0.001
   After other CT                                                                      34, 2.08 (1.47 to 2.92)            21, 1.34 (0.87 to 2.07)       10, 0.93 (0.50 to 1.73)       8, 1.47 (0.73 to 2.94)          0.06
  All solid cancers except brain cancer                                                438, 1.23 (1.12 to 1.35)           646, 1.17 (1.09 to 1.27)      611, 1.14 (1.05 to 1.24)      529, 1.24 (1.14 to 1.35)        0.88
  Leukaemias and myelodysplasias                                                       95, 1.20 (0.98 to 1.48)            85, 1.40 (1.13 to 1.74)       39, 1.07 (0.78 to 1.47)       27, 1.19 (0.81 to 1.75)         0.82
  Other lymphoid and haematopoietic cancers                                            131, 1.25 (1.05 to 1.49)           146, 1.27 (1.08 to 1.50)      76, 1.00 (0.79 to 1.25)       44, 1.02 (0.76 to 1.38)         0.44
  All cancers                                                                          785, 1.35 (1.25 to 1.45)           960, 1.25 (1.17 to 1.34)      772, 1.14 (1.06 to 1.22)      633, 1.24 (1.14 to 1.34)        0.009
  All solid cancers, except brain cancer after brain CT                                472, 1.26 (1.16 to 1.38)           667, 1.18 (1.09 to 1.27)      621, 1.14 (1.05 to 1.23)      537, 1.24 (1.14 to 1.36)        0.72
  All cancers, except brain cancer after brain CT                                      698, 1.25 (1.16 to 1.35)           898, 1.21 (1.13 to 1.29)      736, 1.12 (1.04 to 1.20)      608, 1.22 (1.13 to 1.32)        0.30
  **No of excess cancers in exposed group, EIR per 100 000 person years (95% CI)\***                                                                                                                                  
  Brain cancer                                                                         77.6, 3.09 (2.23 to 3.94)          41.4, 1.91 (1.09 to 2.74)     15.1, 1.25 (0.15 to 2.34)     13.2, 2.21 (0.32 to 4.10)       0.03
   After brain CT                                                                      60.1, 3.97 (2.76 to 5.18)          36.1, 2.66 (1.52 to 3.79)     15.9, 1.95 (0.51 to 3.38)     10.6, 2.40 (0.19 to 4.60)       0.05
   After other CT                                                                      17.6, 1.75 (0.61 to 2.89)          5.3, 0.66 (−0.46 to 1.78)     −0.8, −0.20 (−1.77 to 1.37)   2.5, 1.67 (−1.98 to 5.32)       0.11
  All solid cancers except brain cancer                                                81.2, 3.23 (1.60 to 4.86)          95.3, 4.40 (2.10 to 6.71)     76.3, 6.29 (2.30 to 10.29)    103.0, 17.29 (9.72 to 24.86)    0.01
  Leukaemias and myelodysplasias                                                       16.4, 0.65 (−0.11 to 1.41)         24.5, 1.13 (0.30 to 1.97)     2.6, 0.21 (−0.80 to 1.22)     4.3, 0.73 (−0.98 to 2.44)       0.78
  Other lymphoid and haematopoietic cancers                                            25.9, 1.03 (0.14 to 1.92)          31.2, 1.44 (0.35 to 2.54)     −0.5, −0.04 (−1.45 to 1.37)   0.8, 0.14 (−2.05 to 2.32)       0.54
  All cancers                                                                          201.2, 8.00 (5.81 to 10.18)        192.4, 8.90 (6.09 to 11.70)   93.6, 7.71 (3.22 to 12.20)    121.3, 20.36 (12.09 to 28.64)   0.43
  All solid cancers, except brain cancer after brain CT                                98.8, 3.93 (2.09 to 5.77)          100.5, 4.65 (2.20 to 7.10)    75.5, 6.23 (2.09 to 10.37)    105.5, 17.72 (9.92 to 25.52)    0.01
  All cancers, except brain cancer after brain CT                                      141.1, 5.61 (3.43 to 7.79)         156.3, 7.23 (4.42 to 10.03)   77.6, 6.40 (1.91 to 10.89)    110.7, 18.58 (10.30 to 26.86)   0.04

IRR=incidence rate ratio, exposed *v* unexposed; EIR=absolute excess incidence rate compared with rates in unexposed group.

\*IRR, EIR, and number of excess cancers calculated after stratification for age, sex, and year of birth.

For brain cancer, the IRR for a given time since first exposure was less if the exposure happened in a later calendar period (P\<0.001 for trend), but for all solid cancers other than brain cancer and for all cancers combined, the trends in IRR with calendar period of first exposure were not significant (P=0.68 and P=0.18, respectively; table 6[](#tbl6){ref-type="table"}, web table C, web figs B and C).

###### 

 Outcomes for the exposed group by cancer type, calendar year of first CT scan, and no of years since first CT exposure, based on a one year lag period

  No of years since first exposure                                                                                 Calendar year of first CT scan                                                         
  ---------------------------------------------------------------------------------------------------------------- -------------------------------- -------------------------- -------------------------- --------------------------
  **Brain cancer**                                                                                                                                                                                        
  1-4                                                                                                              38, 5.09 (3.60 to 6.99)          25, 2.51 (1.63 to 3.71)    25, 2.06 (1.34 to 3.05)    33, 2.38 (1.64 to 3.35)
  5-9                                                                                                              38, 3.81 (2.70 to 5.23)          22, 1.64 (1.03 to 2.48)    20, 1.31 (0.80 to 2.02)    3, 1.12 (0.23 to 3.27)
  10-14                                                                                                            18, 1.48 (0.88 to 2.34)          23, 1.48 (0.94 to 2.21)    5, 1.66 (0.54 to 3.88)     ---
  ≥15                                                                                                              26, 1.55 (1.02 to 2.28)          7, 2.46 (0.99 to 5.07)     ---                        ---
  All years since first exposure                                                                                   120, 2.61 (2.17 to 3.13)         77, 1.84 (1.47 to 2.32)    50, 1.65 (1.24 to 2.19)    36, 2.16 (1.53 to 3.04)
  P\<0.001 for trend in IRR with calendar year of first CT scan, after accounting for years since first exposure                                                                                          
  **Other solid cancers**                                                                                                                                                                                 
  1-4                                                                                                              91, 1.23 (1.00 to 1.51)          140, 1.20 (1.01 to 1.42)   208, 1.29 (1.13 to 1.48)   225, 1.19 (1.04 to 1.36)
  5-9                                                                                                              171, 1.10 (0.95 to 1.28)         301, 1.32 (1.18 to 1.48)   325, 1.14 (1.02 to 1.28)   80, 1.38 (1.10 to 1.72)
  10-14                                                                                                            279, 1.12 (1.00 to 1.26)         363, 1.11 (1.00 to 1.23)   84, 1.19 (0.96 to 1.48)    ---
  ≥15                                                                                                              506, 1.22 (1.12 to 1.34)         94, 1.20 (0.98 to 1.47)    ---                        ---
  All years since first exposure                                                                                   1047, 1.17 (1.10 to 1.25)        898, 1.20 (1.12 to 1.28)   617, 1.20 (1.10 to 1.30)   305, 1.24 (1.10 to 1.39)
  P=0.68 for trend in IRR with calendar year of first CT scan, after accounting for years since first exposure                                                                                            
  **All cancers**                                                                                                                                                                                         
  1-4                                                                                                              129, 1.58 (1.33 to 1.88)         165, 1.30 (1.12 to 1.52)   233, 1.35 (1.18 to 1.53)   258, 1.27 (1.13 to 1.44)
  5-9                                                                                                              209, 1.26 (1.10 to 1.45)         323, 1.34 (1.20 to 1.49)   345, 1.15 (1.04 to 1.28)   83, 1.36 (1.10 to 1.69)
  10-14                                                                                                            297, 1.14 (1.01 to 1.27)         386, 1.12 (1.02 to 1.24)   89, 1.20 (0.98 to 1.48)    ---
  ≥15                                                                                                              532, 1.24 (1.14 to 1.35)         101, 1.24 (1.02 to 1.51)   ---                        ---
  All years since first exposure                                                                                   1167, 1.24 (1.17 to 1.32)        975, 1.23 (1.15 to 1.31)   667, 1.22 (1.13 to 1.32)   341, 1.29 (1.16 to 1.44)
  P=0.18 for trend in IRR with calendar year of first CT scan, after accounting for years since first exposure                                                                                            

Figures shown are observed number of cancers in exposed group, incidence rate ratio (IRR), exposed *v* unexposed, (95% confidence interval) calculated after stratification for age, sex, and year of birth.

For brain cancer and for all cancers combined, IRRs were highest for CT exposures in children younger than 5 years, and decreased with increasing age at first exposure (P=0.001 for trend for brain cancer, P\<0.001 for trend for all cancers; table 7[](#tbl7){ref-type="table"}). For all solid cancers other than brain cancer, the IRR also tended to decrease with increasing age at first exposure (P=0.06 for trend). Despite these reductions, the IRR remained significantly increased in the oldest group at first exposure, for brain cancers, all cancers combined, and all solid cancers other than brain cancer. For lymphoid and haematopoietic cancers other than leukaemias and myelodysplasias, the IRR also fell with increasing age at first exposure (P=0.04 for trend). For leukaemias and myelodysplasias, however, the IRR tended to increase with age at first exposure (P=0.06 for trend). Nearly half of the exposed group had their first CT scan at ages 15-19 (table 2). Therefore, despite the IRR reduction with increasing age at first exposure for all cancers combined, over half the excess cancers (338 of 608) occurred among those first exposed at ages 15-19 years.

###### 

 Outcomes for exposed group by type of cancer and age at first CT exposure, based on a one year lag period

                                                                                       Age at first exposure (years)   P for trend                                                                              
  ------------------------------------------------------------------------------------ ------------------------------- ---------------------------- ---------------------------- ------------------------------ ---------
  **Observed no of cancers in exposed group, IRR (95% CI)\***                                                                                                                                                   
  Brain cancer                                                                         31, 3.01 (2.11 to 4.30)         53, 3.03 (2.30 to 3.99)      68, 1.93 (1.51 to 2.46)      131, 1.82 (1.53 to 2.18)       0.001
   After brain CT                                                                      27, 3.10 (2.12 to 4.54)         40, 2.93 (2.14 to 4.01)      48, 2.08 (1.56 to 2.78)      95, 2.29 (1.86 to 2.82)        0.09
   After other CT                                                                      4, 2.52 (0.94 to 6.72)          13, 3.37 (1.95 to 5.83)      20, 1.63 (1.04 to 2.53)      36, 1.17 (0.84 to 1.63)        0.002
  All solid cancers except brain cancer                                                53, 1.76 (1.34 to 2.31)         152, 1.30 (1.10 to 1.52)     520, 1.16 (1.06 to 1.26)     1499, 1.18 (1.12 to 1.24)      0.06
  Leukaemias and myelodysplasias                                                       20, 0.95 (0.61 to 1.48)         32, 1.04 (0.73 to 1.48)      72, 1.26 (1.00 to 1.60)      122, 1.36 (1.14 to 1.64)       0.06
  Other lymphoid and haematopoietic cancers                                            22, 1.83 (1.20 to 2.79)         49, 1.29 (0.97 to 1.71)      118, 1.17 (0.98 to 1.41)     208, 1.10 (0.95 to 1.26)       0.04
  All cancers                                                                          126, 1.72 (1.44 to 2.05)        286, 1.40 (1.25 to 1.58)     778, 1.21 (1.13 to 1.30)     1960, 1.21 (1.16 to 1.27)      \<0.001
  All solid cancers, except brain cancer after brain CT                                57, 1.80 (1.39 to 2.33)         165, 1.36 (1.17 to 1.59)     540, 1.17 (1.07 to 1.27)     1535, 1.18 (1.12 to 1.24)      0.01
  All cancers, except brain cancer after brain CT                                      99, 1.53 (1.26 to 1.86)         246, 1.29 (1.14 to 1.47)     730, 1.18 (1.10 to 1.27)     1865, 1.18 (1.13 to 1.24)      0.03
  **No of excess cancers in exposed group, EIR per 100 000 person years (95% CI)\***                                                                                                                            
  Brain cancer                                                                         20.7, 4.37 (2.07 to 6.68)       35.4, 3.50 (2.09 to 4.91)    32.6, 1.71 (0.86 to 2.56)    58.6, 1.89 (1.17 to 2.62)      0.16
   after brain CT                                                                      18.3, 4.58 (2.03 to 7.13)       26.3, 3.36 (1.77 to 4.94)    24.9, 2.06 (0.94 to 3.18)    53.3, 3.05 (1.96 to 4.15)      0.41
   after other CT                                                                      2.4, 3.26 (−2.04 to 8.55)       9.2, 4.01 (0.91 to 7.11)     7.7, 1.10 (−0.16 to 2.35)    5.4, 0.40 (−0.47 to 1.27)      0.03
  All solid cancers except brain cancer                                                22.9, 4.83 (1.82 to 7.84)       34.6, 3.42 (1.04 to 5.81)    70.6, 3.70 (1.36 to 6.05)    227.7, 7.36 (4.91 to 9.81)     0.04
  Leukaemias and myelodysplasias                                                       −1.0, −0.22 (−2.07 to 1.64)     1.3, 0.13 (−0.97 to 1.22)    15.0, 0.79 (−0.09 to 1.66)   32.6, 1.05 (0.35 to 1.75)      0.01
  Other lymphoid and haematopoietic cancers                                            10.0, 2.11 (0.17 to 4.05)       11.0, 1.08 (−0.27 to 2.44)   17.6, 0.93 (−0.19 to 2.04)   18.8, 0.61 (−0.31 to 1.52)     0.32
  All cancers                                                                          52.6, 11.10 (6.45 to 15.74)     82.3, 8.14 (4.86 to 11.41)   135.8, 7.12 (4.25 to 9.99)   337.7, 10.91 (8.11 to 13.72)   0.41
  All solid cancers, except brain cancer after brain CT                                25.3, 5.34 (1.55 to 9.13)       43.8, 4.33 (1.55 to 7.10)    78.2, 4.10 (1.61 to 6.60)    233.1, 7.53 (4.98 to 10.09)    0.21
  All cancers, except brain cancer after brain CT                                      34.3, 7.23 (2.59 to 11.88)      56.0, 5.54 (2.26 to 8.82)    110.9, 5.82 (2.95 to 8.69)   284.5, 9.19 (6.39 to 12.00)    0.22

IRR=incidence rate ratio, exposed *v* unexposed; EIR=absolute excess incidence rate compared with rates in unexposed group.

\*IRR, EIR, and number of excess cancers calculated after stratification for age, sex, and year of birth.

For brain cancer, leukaemias and myelodysplasias, other lymphoid and haematopoietic cancers, and all cancers combined, neither the IRR nor the EIR differed significantly between the sexes (web table D). However, for solid cancers other than brain cancer, the IRR was greater in female patients than in male patients (1.23 (95% confidence interval 1.16 to 1.31) *v* 1.14 (1.07 to 1.22), P=0.07 for difference); the EIR was also significantly greater in female patients than for male patients (7.59 (5.35 to 9.82) *v* 3.57 (1.76 to 5.37), P=0.006 for difference). Socioeconomic status was only weakly related to CT scan exposure (table 1), and the effect of exposure did not differ significantly according to socioeconomic status (web table E). Information was not available for potential confounding factors such as alcohol, smoking, sun exposure, or for Down's syndrome or other markers of cancer susceptibility. However, because the CT related increase in cancer risk varied very little by socioeconomic status, it is unlikely that our results were substantially biased by confounding factors such as these.

Cancer risk by site of CT scan
------------------------------

For all cancers combined, the IRR in the exposed group versus the unexposed group was significantly increased (P\<0.05) for every anatomical site of CT scan considered (fig 3[](#fig3){ref-type="fig"}). The IRRs differed according to the site of the CT scan (P\<0.001 for heterogeneity), with larger increases after CT scans of the chest (1.62) and abdomen or pelvis (1.61), and smaller increases after CT scans of the facial bones (1.14) and spine or neck (1.13). For some CT sites, the IRR also varied between different types of cancer (P\<0.001 for heterogeneity after scans of head or brain; P=0.02 after scans of abdomen or pelvis). After CT scans of the brain, the largest IRR was for brain cancer (2.44, 95% confidence interval 2.12 to 2.81), although there were also significant (P\<0.05) increases for melanoma, soft tissue cancers, thyroid cancer, and other solid cancers. After scans of the abdomen or pelvis, the largest IRR was for leukaemias and myelodysplasias (3.24, 2.17 to 4.84); there were also significant increases for soft tissue cancer, brain cancer, and all other solid cancers apart from melanoma and thyroid cancer. Web figure D shows corresponding results based on a five year lag period.

![**Fig 3** Incidence rate ratios (IRR) for exposed versus unexposed by site of CT scan and type of cancer, based on a one year lag period. IRRs were calculated after stratification for age, sex, and year of birth. Heterogeneity between cancer types, by site of CT scan exposure: all sites, χ^2^=23.58 (6 df), P=0.001; brain, χ^2^=104.1 (6 df), P\<0.001; abdomen or pelvis, χ^2^=15.7 (6 df), P=0.02. Heterogeneity between sites of CT scan exposure, by cancer type: all cancers, χ^2^=111.1 (6 df), P\<0.001; brain, χ^2^=13.9 (6 df), P=0.03; leukaemia, χ^2^=24.81 (6 df), P\<0.001](matj009041.f3_default){#fig3}

Risks after exclusion of brain cancers after a CT scan of the brain
-------------------------------------------------------------------

Almost 60% of CT scans were of the brain (table 2), and some low grade cancers in the brain may have given rise to symptoms that were investigated several years before they were finally diagnosed (that is, the brain cancer may have caused the scan, rather than vice versa). To explore the extent to which our results might have been affected by such reverse causation, we repeated our main analyses excluding any brain cancers that occurred after a CT scan of the brain. For all cancers other than brain cancers following a brain CT, the increase in IRR with increasing number of CT scans was maintained (web figure E). The IRR for brain cancers after a scan to a site other than the brain remained raised (1.51 (95% confidence interval 1.19 to 1.91), table 4) as did the IRRs for all solid cancers (1.20, 1.15 to 1.25) and for all cancers (1.20, 1.15 to 1.24). The IRR for the remaining brain cancers tended to decrease with increasing time since first exposure, although the trend did not reach significance (P=0.06 for trend, table 5). The trend with time since first exposure in the IRR for all cancers (except brain cancer after a brain CT) was also not significant (P=0.30 for trend, table 5). In any given period after exposure, there was no significant association between the IRR for all solid cancers (except brain cancer after a brain CT) and the calendar year of first exposure (P=0.68 for trend, web table C). The reduction in IRR for all solid cancers (except brain cancer after a brain CT scan) with increasing age at exposure was highly significant (P=0.01 for trend, table 7), but there was no significant trend in the EIR with increasing age at exposure (P=0.21 for trend).

Approximate risks to date per unit dose
---------------------------------------

Based on a one year lag period, the collective effective dose from all CT scans combined was about 3900 Sv, and the average effective dose to all organs of the body was about 4.5 mSv per scan. On the assumption that all the excess cancers, apart from brain cancers after CT scans of the brain, are attributable to CT scans, this suggests that each sievert of effective dose caused 0.125 cancers by 31 December 2007 (table 8[](#tbl8){ref-type="table"}) in an average follow-up period of 9.5 years. So far, one in every 1800 CT scans has been followed by an excess cancer, with an excess rate ratio per mSv of 0.035 (95% confidence interval 0.026 to 0.042). A similar calculation considering only brain cancers after a brain CT suggests a collective organ dose to the brain of 19 800 Gy from an average brain dose of 40 mGy per brain scan. If CT scans had caused all the excess of brain cancer in this group, each Gy to the brain would have led to 0.006 brain cancers by the end of available follow-up (31 December 2007), one in 4000 brain scans would have led to a brain cancer, and the excess rate ratio of brain cancers per mGy to the brain would be 0.029 (95% confidence interval 0.023 to 0.037). The estimated collective dose to red bone marrow, based on a one year lag period, was 4000 Gy, and the average estimated red bone marrow dose was 4.6 mGy per scan. This suggests that each gray of radiation to the red bone marrow has led to 0.012 excess leukaemias or myelodysplasias to date, and that the excess rate ratio for leukaemias and myelodysplasias per mGy to the red bone marrow is 0.039 (95% confidence interval 0.014 to 0.070). When these calculations were repeated for lag periods of five and 10 years, the collective doses were considerably lower, and the excess rate ratio per mSv was slightly reduced for all cancers except brain cancer following a brain scan, more reduced for brain cancer following a brain scan, and substantially reduced for leukaemias and myelodysplasias at a 10 year lag (table 8).

###### 

 Approximate radiation doses and cancer risks per unit dose for lag periods of one, five, and 10 years from first exposure to CT scanning

  Cancer risk to date and type of exposure                                      Lag period (years)                                
  ----------------------------------------------------------------------------- ------------------------ ------------------------ -------------------------
  **All cancers, except brain cancers after brain CT (all exposures)**                                                            
  Absolute no of excess cancers to date                                         486                      340                      183
  Collective effective dose (Sv)                                                3900                     3100                     1900
  No of CT exposures                                                            866 580                  684 386                  401 811
  Average effective dose per scan (mSv)\*                                       4.5                      4.5                      4.7
  Absolute no of excess cancers to date per Sv                                  0.125                    0.110                    0.096
  Proportion of CTs to date followed by an excess cancer                        1 in 1800                1 in 2000                1 in 2200
  No of people exposed                                                          680 211                  544 354                  327 216
  Average dose per exposed person (mSv)                                         5.7                      5.7                      5.8
  IRR (exposed *v* unexposed)†                                                  1.20 (1.15 to 1.24)      1.18 (1.13 to 1.23)      1.16 (1.10 to 1.22)
  Excess rate ratio per mSv‡¶                                                   0.035 (0.026 to 0.042)   0.031 (0.022 to 0.040)   0.027 (0.017 to 0.037)
  **Brain cancers after brain CT (brain exposures)**                                                                              
  Absolute no of excess brain cancers to date                                   123                      62                       26
  Collective organ dose (brain; Gy)                                             19 800                   16 200                   10 200
  No of brain CTs                                                               494 003                  405 230                  254 010
  Average brain dose per scan (mGy)\*                                           40                       40                       40
  Absolute no of excess brain cancers to date per Gy                            0.006                    0.004                    0.003
  Proportion of CTs to date followed by an excess brain cancer                  1 in 4000                1 in 6500                1 in 9800
  No of people exposed                                                          404 105                  334 203                  212 481
  Average dose per exposed person (mGy)                                         49                       48                       48
  IRR (exposed *v* unexposed)†                                                  2.44 (2.12 to 2.81)      2.02 (1.69 to 2.43)      1.74 (1.35 to 2.25)
  Excess rate ratio per mGy§¶                                                   0.029 (0.023 to 0.037)   0.021 (0.014 to 0.029)   0.015 (0.007 to 0.026)
  **Leukaemias and myelodysplasias (all exposures)**                                                                              
  Absolute no of excess leukaemias and myelodysplasias to date                  48                       31                       6
  Collective organ dose (red bone marrow) (Gy)                                  4000                     3200                     1700
  No of CTs                                                                     866 580                  684 386                  401 811
  Average red bone marrow dose per scan (mGy) \*                                4.6                      4.7                      4.2
  Absolute no of excess leukaemias and myelodysplasias to date per Gy           0.012                    0.010                    0.004
  Proportion of CTs to date followed by an excess leukaemia or myelodysplasia   1 in 18 000              1 in 22 000              1 in 67 000
  No of people exposed                                                          680 211                  544 354                  327 216
  Average dose per exposed person (mGy)                                         5.9                      5.9                      5.2
  IRR (exposed *v* unexposed)†                                                  1.23 (1.08 to 1.41)      1.25 (1.06 to 1.47)      1.09 (0.85 to 1.40)
  Excess rate ratio per mGy§¶                                                   0.039 (0.014 to 0.070)   0.042 (0.010 to 0.080)   0.017 (−0.029 to 0.078)

\*Average effective doses and doses to specific organs by CT type were taken from published and local sources (see Methods), and summed over the number of exposures to give indicative collective doses for the exposed population.

†Calculated after stratification for age, sex and year of birth, as in tables 3-7.

‡(IRR−1)÷average effective dose per exposed person.

§(IRR−1)÷average organ dose per exposed person.

¶The risk coefficients shown are based on the assumption that no radiation related cancers occurred before the end of the assumed lag period, that all the excess cancers occurring after the lag period and during the period of follow-up were caused by radiation exposure, and that no radiation related cancers occurred after the end of the current follow-up period. To the extent that these assumptions prove to be incorrect, then the coefficients given here will either overestimate or underestimate the risk.

Discussion
==========

Our study is the largest population based study to date of diagnostic medical radiation exposure. It also provides more information about low dose exposures than was available from the study of Japanese atomic bomb survivors.[@ref18] [@ref19] Our study shows that CT scans during childhood and adolescence are followed by an increase in cancer incidence for all cancers combined and for many individual types of cancer. We cannot, however, necessarily assume that all the excess cancers seen during the current period of follow-up were caused by CT scans, because scanning decisions are based on medical indications and are not allocated at random. Thus, we cannot rule out the possibility of reverse causation, whereby symptoms of precancerous conditions (including genetic conditions[@ref20] [@ref35] [@ref36] [@ref37]) or early symptoms of the cancer itself might themselves prompt a CT scan. Such reverse causation is most likely to be present for brain cancers following a brain CT, where low grade cancers could lead to symptoms prompting investigation several years before the eventual diagnosis of cancer.[@ref38] We have, therefore, repeated our main analyses excluding brain cancers occurring after a brain CT; this did not change the overall results substantially (tables 4, 5, and 7; web figure E). For most cancers other than brain cancer, the prediagnostic phase is unlikely to last more than one year in young people, and is very unlikely to last more than 10 years; therefore, reverse causation cannot explain all the cancer excess observed in this study.

Although the inference that CT scans cause most of the excess cancer in exposed people cannot be conclusively proven, it is supported by several observations:

-   The increase in IRR with increasing number of CT scans (fig 2), even after excluding brain cancers following brain CTs (web figure E)

-   The larger proportional increase in incidence rate (IRR) after exposures at younger ages (table 7), as seen in the Life Span Study of survivors of the Japanese atomic bombings and in other studies of cancer following exposures at larger average doses[@ref8] [@ref14] [@ref17] [@ref18] [@ref19] [@ref20]

-   The larger absolute excess incidence rate (EIR) for solid cancers in female patients than in male patients (web table D), as seen in other studies[@ref20]

-   The correlation between the site of the CT scan and the site of cancer, with a large proportional increase in the incidence rate (IRR) for leukaemias and myelodysplasias following exposure to red bone marrow from CTs of the abdomen or pelvis (fig 3)

-   The increased risks per CT scan and per unit of radiation dose for all cancers (other than brain cancer after a brain scan), even when considering lag periods of five and 10 years (table 8).

Strengths and limitations of the study
--------------------------------------

The Medicare dataset captures all CT services funded by the Australian federal government. Some individuals in our cohort would have had eligible CT scans that we were not able to identify. These scans included most of those performed in state based tertiary hospitals (because these are not funded on a fee-for-service basis through Medicare) and any that took place abroad, or before or after the period included in our study (1985-2005), or when the individual was aged 20 years or more. Because of this, some individuals with a CT scan would have been classified as unexposed in our analyses, leading to a small downward bias in our estimates of the cancer risks from CT scans; this misclassification would also have had a greater effect on analyses based on the number of CT scans, than on comparisons between exposed and unexposed cohorts.

In this study, it was impossible to collect protocols and machine parameters for all the 866 580 CT scans and use them to estimate individual doses. Accordingly, we estimated average doses for red bone marrow and brain, based on collective organ doses, as measures of exposure---taking into account the site of CT, the individual's age, and the year the scan was performed. Averaging in this way would reduce the effect of variations in individual doses from practice to practice.[@ref32] For all cancers combined (other than brain cancers following a brain CT) and for all cancers combined, we carried out a similar averaging process, but based on effective dose. Effective dose is a summary measure used in radiation protection when considering the likely detriment after exposure of different body organs to different doses.[@ref26] It represents roughly the whole body uniform dose that would give rise to the same detriment as the exposures observed in the population at risk. This measure is not ideal for risk assessment, and it is not designed to be specific for any individual, but it has been used in many epidemiological studies as an average measure of exposure. We plan to incorporate additional information about changes in CT scanners and protocols over time in Australia to improve our estimates of specific organ absorbed doses for each study patient by age, sex, and calendar year and type of CT.

Records of repeat scans (for example, because the patient moved) were not available, leading to some additional uncertainty in our estimates of dose. Fortunately, recent improvements in CT technology have reduced total scan times and led to motion artefacts being less likely.[@ref39] Any effect of repeat scans would therefore be greater for patients exposed in the early years after 1985, and this might partly explain the downward trend with calendar period in the risk of brain cancer after a brain scan (table 6, web figs B and C). However, this trend might also be due to lower doses following other recent improvements in technology and protocols. The aggregate effect of undocumented repeat exposures is likely to be small, but it would be expected to introduce a small upward bias into our estimates of cancer risks per unit of dose. It would not, however, add any bias in the absence of any true effect.

Comparison with other studies
-----------------------------

For leukaemias and myelodysplasias, our estimate of the excess rate ratio per mGy was 0.039 (95% confidence interval 0.014 to 0.070), based on a one year lag (table 8). This is similar to the corresponding estimate reported for young people exposed to CT scans in the UK (0.036, 95% confidence interval 0.005 to 0.120; table 9[](#tbl9){ref-type="table"}).[@ref12] For leukaemias, estimates of the excess rate ratio per mGy derived in a roughly comparable way (that is, excluding myelodysplasias and the first five years of follow-up) were also similar between the present study (0.035 (95% confidence interval 0.000 to 0.077)) and the Life Span Study of atomic bomb survivors (0.045 (0.016 to 0.188)), based on a five year lag period; tables 8 and 9).[@ref12] [@ref18] [@ref40]

###### 

 Comparison of radiation related cancer risks observed in various study populations

  Study population and age at exposure                                   Site of cancer                                                                         Period of follow-up                                                                    Quantity estimated                Estimate (95% CI)\*
  ---------------------------------------------------------------------- -------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------- --------------------------------- -------------------------
  **Present study**                                                                                                                                                                                                                                                                      
  0-19 years                                                             Leukaemias and myelodysplasias                                                         Study members followed for 9.5 years on average, after exclusion of first year         ERR per mGy of bone marrow dose   0.039 (0.014 to 0.070)
                                                                         Leukaemia, excluding myelodysplasias                                                   Study members followed for 7.3 years on average, after exclusion of first five years   ERR per mGy of bone marrow dose   0.035 (0.000 to 0.077)
                                                                         Brain cancer after brain CT                                                            Study members followed for 7.3 years on average, after exclusion of first five years   ERR per mGy of brain dose         0.021 (0.014 to 0.029)
                                                                         Brain cancer after brain CT                                                            Study members followed for 5.5 years on average, after exclusion of first 10 years     ERR per mGy of brain dose         0.015 (0.007 to 0.026)
                                                                         All cancers other than brain cancer after brain CT                                     Study members followed for 9.5 years on average, after exclusion of first year         ERR per mSv of effective dose     0.035 (0.026 to 0.042)
                                                                         Solid cancers other than brain cancer after brain CT                                   Study members followed for 5.5 years on average, after exclusion of first 10 years     ERR per mSv of effective dose     0.027 ( 0.017 to 0.037)
  **Young people exposed to CT scans in the UK in 1985-2008**                                                                                                                                                                                                                            
  0-21 years                                                             Leukaemias and myelodysplasias^12^                                                     Study members followed for 9.6 years on average, after exclusion of first two years    ERR per mGy of bone marrow dose   0.036 (0.005 to 0.120)
  Brain cancer^12^                                                       Study members followed for 6.7 years on average, after exclusion of first five years   ERR per mGy of brain dose                                                              0.023 (0.010 to 0.049)            
  **Life Span Study of survivors of atomic bombings in Japan in 1945**                                                                                                                                                                                                                   
  0-19 years                                                             Leukaemias, excluding myelodysplasias^18^                                              1950-60                                                                                ERR per mGy of bone marrow dose   0.045 (0.016 to 0.188)
  Brain cancer^40^                                                       1958-65                                                                                ERR per mSv of brain dose                                                              0.006 (0.000 to 0.064)            
  Solid cancers other than brain cancer†^40^                             1958-65                                                                                ERR per mSv of colon dose                                                              0.003 (0.002 to 0.006)            

ERR=Excess rate ratio.

\*For male and female members combined.

†M Little (National Cancer Institute), personal communication, March 2013.

For brain cancer, the estimates of the excess rate ratios per mGy from all three studies were also compatible (present study 0.021 (95% confidence interval 0.014 to 0.029) *v* UK study[@ref12] 0.023 (0.010 to 0.049), based on five year lag period; present study 0.015 (0.007 to 0.026) *v* Life Span Study[@ref40] 0.006 (0.000 to 0.064), based on 10 year lag period). Despite the similarity of risk estimates in the various studies, it is possible that some of the excess brain cancer seen in our study in the first few years after exposure was due to reverse causation, and the diminishing risk with increasing time since exposure (table 5) is consistent with such an explanation. However, the very high IRR for brain cancer during years 1-4 after first exposure could also be due to ionising radiation having its greatest early effect on children with high genetic susceptibility to radiogenic brain cancer.[@ref20] [@ref36] [@ref37] [@ref41] On this model, brain cancer EIR would decline after 10 years of follow-up because people with the greatest susceptibility, and exposed to radiation at younger ages, had already been affected. If the carcinogenic effect of low dose radiation is greater for the minority of people who are genetically susceptible, this will have important implications for future standards of radiation protection, as well as for liability and compensation.

Our study provides new and direct evidence for increases in cancers other than brain cancers and leukaemias and myelodysplasias following exposure to ionising radiation from CT scans. Risk was increased for many specific types of cancers (affecting the digestive organs, skin (melanoma), soft tissue, female genital organs, urinary tract, thyroid, Hodgkin's lymphoma, and other lymphoid cancers (C84-90); table 4). The increase in risk was present throughout the range of ages at exposure considered in our study (table 7), and was already apparent in the period 1-4 years after first exposure (table 5). In our study, the estimated excess rate ratio per mSv for all cancers except brain cancer after a brain scan was 0.035 (95% confidence interval 0.026 to 0.042), based on a one year lag period (tables 8 and 9). No comparable estimate is at present available from the UK study. From our study, we estimated the excess rate ratio to be 0.027 (0.017 to 0.037) per mSv (effective dose) for all solid cancers other than brain cancer, based on a 10 year lag period (table 9). This value was higher than the corresponding estimate for the Life Span Study (0.003 (0.002 to 0.006), based on colon dose; Mark Little (National Cancer Institute), personal communication, March 2013). This comparison is, however, subject to many uncertainties.

For lag periods of one, five, and 10 years, the incidence rate for all cancers combined increased by 24%, 21%, and 18%, respectively, in the CT exposed group compared with the unexposed group (table 3). The estimated numbers of excess cancers attributable to CT scans for these three lag periods were 608, 402, and 209, respectively. These excesses were, at most, 1% of the 60 674 cancers observed to date in this cohort of 10.9 million people. After excluding brain cancers following a brain scan, we found that by 31 December 2007, there was one excess cancer for every 1800 CT scans based on a one year lag period, and one excess cancer for every 2200 CT scans based on a 10 year lag period (table 8).

By the end of our current follow-up, the oldest study members were only in their early 40s, when many cancers are still uncommon. Yet the absolute excess incidence rate (EIR) for all solid cancers other than brain cancer after a brain CT increased with time since exposure (table 5; P=0.01 for trend), suggesting that the number of excess cancers among the exposed cohort is likely to rise in future years, increasing the eventual lifetime risk. Our results are also generally consistent with the linear no threshold theory (that is, there is no threshold dose below which there is a zero risk). Thus, our findings justify concerns about risks from CT scan exposures in childhood and adolescence,[@ref1] [@ref4] [@ref10] [@ref11] [@ref42] and also support concerns about the likely risks from CT exposures in adult life.

Conclusions and policy implications
-----------------------------------

Practitioners will increasingly need to weigh the undoubted benefits of CT scans in clinical practice against the potential risks to justify each CT scan decision.[@ref11] [@ref43] [@ref44] [@ref45] [@ref46] Fortunately, many radiologists are now aware of the risks, and technological advances have already allowed CT scan doses to be reduced below those used in earlier decades.[@ref12] [@ref13] However, decision tools to objectively assess the need for CT[@ref47] are still not used routinely---for example, minor head trauma or suspected appendicitis are often managed using CT, rather than by observation, ultrasound, or magnetic resonance imaging.[@ref48] Imaging for head trauma still accounts for most CT scans in children.[@ref48] [@ref49] It is timely to alert the wider community, as well as the non-radiologist physicians who order most CT scans, to the potential risks. All parties, including patients and families,[@ref50] need to work together to ensure that CT scans are limited to situations where there is a definite clinical indication, and where every scan is optimised to provide a diagnostic CT image at the lowest possible radiation dose.

### What is already known on this topic

1.  CT scanning rates have risen substantially since the 1980s. Although large doses of ionising radiation are known to cause cancer, there is uncertainty about the risks following the lower doses from CT scans (5-50 mGy per organ)

2.  A recent study of 180 000 young people exposed to CT scans in the United Kingdom found an increasing risk of leukaemia and brain cancer with increasing radiation dose

### What this study adds

1.  Among 680 000 Australians exposed to a CT scan when aged 0-19 years, cancer incidence was increased by 24% (95% confidence interval 20% to 29%) compared with the incidence in over 10 million unexposed people. The proportional increase in risk was evident at short intervals after exposure and was greater for persons exposed at younger ages

2.  By 31 December 2007, with an average follow-up of 9.5 years after exposure, the absolute excess cancer incidence rate was 9.38 per 100 000 person years at risk

3.  Incidence rates were increased for most individual types of solid cancer, and for leukaemias, myelodysplasias, and some other lymphoid cancers
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